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Functionalised [GegNi] Clusters as Homogeneous Single-
Site Catalysts for Olefin Isomerisation Reactions

Nicole S. Willeit,™® Wilhelm Klein,” Peter Coburger,” Elke Fritz-Langhals,” and

Thomas F. Fassler® !

Single-site catalysis is an increasingly vital strategy to optimise
heterogeneous catalytic reactions. In an ideal case, the nature
and the population of catalytically active sites are all identical,
which is impossible to realise on a solid support. The idea of
single site catalysts is transferred from heterogeneous to
homogeneous catalysis by the incorporation of a transition
metal with oxidation state 0 in the surface of a small, soluble,
molecular, homoatomic germanium atom cluster that also
comprises main group atoms with oxidation state close to zero.
An optimised synthetic protocol for four cluster compounds
HypsEt[GeyNi]PR; (R=Ph, Ptolyl, ‘Pr, Me) is presented, in which
the transition metal is embedded in Ge atoms of a polyhedral
cluster. The products were characterised by NMR spectroscopy,
LIFDI/MS and elemental analysis and also structurally charac-
terised for R=Pr and Me by single crystal X-ray structure
determination comprising a closo-[GesNi] core. The catalytic

Introduction

Single-site catalysts are an emerging field in heterogeneous
catalysis and are known to catalyse various chemical reactions,
such as hydrogenations, oxidations, hydroformylations, poly-
merisations or isomerisation. Generally, single atom sites (active
centres) are placed on a support for heterogeneous catalytic
reactions (SSHC=single site heterogeneous catalysts). A large
category of SSHC includes individual isolated atoms that are
anchored to high-area supports such as silica. A large variety of
metals have been grafted on surfaces but mainly of oxides, and
thus the metal atom adopts higher oxidation states. In addition,
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potential is investigated for various olefin isomerisation reac-
tions. The formation of an active metal site is realized by ligand
dissociation, which is observed for PPh;. DFT calculations of
HypsEt[Ge,NilPR; (R=Ph, Pr, Me), Hyp;Et[Ge,Nil(tolyl) and
Hyp;Et[GegNil(CeH;,) show that ligand exchange with substrate
molecules occurs during the catalytic reaction. Since the same
principle, namely a bare metal atom site at the cluster surface,
applies as in single-site heterogeneous catalysis and since in
contrast to classical homogeneous catalysis the metal atom is
embedded in a cluster surface, the abbreviation SSHoC for
Single Site Homogeneous Catalyst is proposed for this catalyst
type. Since each metal atom is catalytically active, SSHoC enable
a considerable increase in efficiency of catalysts and thus allow
for sustainable use of expensive and less abundant transition
metals.

even though using the right synthetic tools and the designed
catalyst structure is well-defined, not all active sites will be
structurally identical." Based on this catalyst class, we planned
to create a similar structural motif by i) specifically incorporating
an accessible low valent transition metal that ii) binds to a non-
oxide support, and iii) that allows for a truly molecular under-
standing and for a uniform and well-defined free coordination
site. We propose that the stabilisation of low-valent transition
metal atoms can be best realised if they bind to a non-oxide
support. We found that such a combination of properties can
be realised by using homoatomic molecular main-group
element clusters as a support with the advantage that the
resulting cluster-metal complexes are also soluble, thus allow-
ing to transfer the SSHC concept to SSHoC, a single site
homogeneous catalyst. Small homoatomic clusters with a uni-
form size of nine atoms are accessible for the elements Si-Pb.®
Among those, the polyanion [Geg]* is the one that is best
investigated, and recently it has been shown that germanium
atom clusters form uncharged species by adding up to four
ligands.”'” [Ge,] clusters are readily accessible through the
binary phase K,Ge, by simply fusing the elements at elevated
temperatures."""'? Reaction of [Geg]*~ with chloro-silanes lead
to functionalized clusters [Hyp,Geg>~ and [Hyp;Ge,~ (Hyp=
Si(TMS),)."*"  Neutral clusters are realised by reacting
K[Hyp;Ge,] with organotin halides, acid chlorides or halogen-
ated hydrocarbons.!*™®

Several reactions of functionalised clusters with transition
metals have been reported in recent years. K[Hyp;Ge,] forms
with PPPNHC-M-complexes (M =Cu, Ag, Au) [Hyp;Ge,MNHC ],
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wherein the metal atom overcaps one of the triangular surfaces
of the [Ge,] core."” Similarly, Ni, Zn, and Cu atoms bind to the
cluster forming [Hyp;Ge,ML] (M/L=Ni/dppe, Zn/Cp*, Cu/P'Pr,,
MIC, CAAC) complexes (Figure 1a).?>?" Bridging metal atoms
occur in [Hyp;Ge,MGegHyp;]*~ (M/a=Mn/0, Pd/2, Cu, Ag, Au/1,
Zn, Cd, Hg/0)?*% and the oligomers
[Hyp;Ge,CuGegHyp;CuPPh,]?* and
[TMS,ZnHyp,Ge,PtGe,Hyp;ZnTMS,1.2 Thereby the structure is
analogous to Figure 1a, but with L being another Ge, cluster, so
the metal has an overall n°-coordination. Whereas these clusters
are best described as n>-ligands coordinating to the transition
metal, cluster framework expansions are also known. In
[Hyp;Ge,M(CO);1~ (M=Cr, Mo, W), the metal atoms result as an
apex of a Ge, square, thus being part of the deltahedral closo-
cluster forming a bicapped square antiprism (Figure 1b).22®
Reaction of [Hyp;Ge,]~ with [RhCODCI], leads to uncharged
Hyp;[Ge,RhICOD having an analogous structure but now
bearing the metal atom in the capping position (Figure 1c). It
was shown that the Rh atom, even fully coordinated, is capable
of catalysing the hydrogenation of cycloocta-1,5-diene (COD)
and 1-hexene”3" Uncharged molecular clusters are further
accessible through cluster expansion of [Hyp;EtGe,] with Pd-
(PPhs), to gain Hyp,Et[Ge,PdIPPh,.®" The analogous structures
with Ni and Pt were realised through reaction with ||-M(PPh;),
(M=Ni, Pt).5? In all three cases, ten-atomic [Ge,M] deltahedra
result, with the metal atom located in the square of the
bicapped square antiprism (Figure 1b). These examples confirm
the possible metalation of Ge, Zintl clusters and mak them
promising candidates for application in catalytic reactions.

In addition to the above mentioned Zintl type clusters, there
are the so-called siliconoids, which are unsaturated silicon
clusters.®¥ These compounds can also be extended with
transition metals, with the siliconoid acting more as a ligand,
analogous to benzene. Recently, an iridium-extended siliconoid
was shown to be active in alkene isomerisation.* This, in turn,
underlines the catalytic potential of metalated cluster com-
pounds.

Herein, we report a new synthetic approach to ten-atomic
closo-[GegNi] clusters allowing for a more general synthetic
strategy to uncharged metalated clusters and thus for a
variation of the phosphine ligand (PPh,, PPtolyl;, P'Pr; and
PMe;). Since it is known that only the Ni species shows dynamic
processes in solution in contrast to the analogue structures
with Pd and Pt"'? we started our investigations with it.

a) b) c)
L
,,'{,\ Hyp, // MTe Hyp, //
Ge /<
Hyp GE. ;‘D Ge-Hyp éée\Ge Ge~\G/ée‘G
Gle
Hyp

Hyp

Figure 1. Schematic drawing of metalated cluster structures with a) the
metal having an n’>-coordination, b) the metal atom having n’*-coordination,
and c) the metal atom having n*-coordination. M stands for metal, and L
stands for ligand.
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Furthermore, as a benefit of nickel its abundance and, thus,
lower costs make it attractive for catalytical applications. The
species 1-4 were obtained by reacting [Hyp;EtGe,] with an
in situ generated “NiPR;" species in toluene (Scheme 1). Com-
pounds 1, 3, and 4 could be crystallised from n-hexane
solutions at —40°C, so single crystal X-ray diffraction was
possible. In addition to the synthesis, their catalytic activity in
olefin isomerisation was investigated.

Results and Discussion
Synthesis

Four compounds with ten-atomic [GegNi] cores were synthes-
ised through the reaction of Hyp;EtGe, with Ni(COD), in the
presence of the respective phosphines in toluene at room
temperature. This reaction route does not require more
sophisticated Ni complexes as they were used before, but
commercially available Ni(COD),. The products Hyp;Et[GegNi]PR;
(R=Ph, Ptolyl, Pr and Me; 1, 2, 3 and 4, respectively) were
characterised via NMR spectroscopy, LIFDI/MS and elemental
analysis. The new species 1-4 show identical or analogous NMR
spectra to previously reported Hyp,;Et[Ge,Ni]PPh;®? (Figures S2-
S8, S10-S15, S17-527, S29-S33, Supporting Information). LIFDI/
MS measurements (FigureS9, S16, S28, S34, Supporting
Information) prove the successful synthesis of 1-4 through this
easy synthetic approach. Compared to the reported reaction
route for 15% the yield has been raised from 27% to 67%. 'H
NMR spectra show two characteristic signal groups for the
hypersilyl substituents, the signals for the ethyl group and the
signals for the phosphine ligands. Remarkably compounds 1, 2
and 4 show broader signals for the TMS groups and the ethyl
group than 3, which can be interpreted with the different steric
demand of the phosphine ligands. P'Pr; has a significantly larger
cone angle of 160° than that of the other ones (PPh; 145°%
PPtolyl; 145°; PMe; 115°), anticipating less dynamic behaviour at
room temperature by sharp signals in the '"H NMR spectrum.®
Furthermore, the signals for the hypersilyl and ethyl groups in 3
retain a narrow signal width over the whole temperature range
between —90°C and 90°C (Figures S24 and S25, Supporting
Information). So, the signal groups for the ethyl substituent can
be clearly identified as a quartet and a triplet. In contrast, these
are broad signals for species 1, 2 and 4. *'P NMR spectra reveal
a low field shift of the signals of 1-4 by 50 to 65 ppm compared

1) PR3

£ PR

e,

th,rt (o) Hyp &L \ Ko Hyp
2) Hyp3EtGeg GerNi

rit. (tol) | \}éégl

Ni(COD), ———M > GeT
> _2cop G\/
Hyp Hyp = Si(TMS)3
14 R = Ph, Ptolyl, 'Pr, Me

Scheme 1. Reaction of [Hyp;EtGe,] with Ni(COD), and different phosphines
PR; (R=Ph, Ptolyl, 'Pr, Me) in toluene to yield Hyp;Et[GegNi]PR; (1-4).
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to the non-coordinated ligands. Interestingly, this is in contrast
to known high-field shifts of metal-bound phosphine ligands
since, in general, PR; groups act as electron donors to the metal
atom.®* The low field shift here hints at a strong =-
backdonation®=" which can be rationalised that the Ge,
clusters — despite their electron deficiency according to Wade
rules — appear as electron donors for the Ni atoms. The
magnitude of the shifts of the different phosphine ligands is in
accordance with their steric demand according to the known
fact that an increase in cone angle causes a stronger low field
shift.?” Thus the most bulky ligand PPPr; has a shift of around
84 ppm, followed by PPh; with 51 ppm, PPtolyl; with 49 ppm
and PMe; with —13 ppm.

Single crystals of products Hyp;Et[Ge,Ni]P'Pr; (3) and HypsEt-
[GegNilPMe; (4) were obtained through crystallisation from n-
hexane at —40°C (Figure 2).°® Both cluster cores adopt a Cs-
symmetric distorted bicapped square antiprism of [GegNi], with
an idealised mirror plane through the atoms Ni, Ge1, Ge3 and
Ge9. Within these structures, the nickel atom represents a
vertex of one square of the antiprism and is bound to five
germanium atoms (Gel, Ge2, Ge4, Ge5 and Ge6). Overall, five
substituents are attached to the cluster core: Three hypersilyl
groups bound to Ge2, Ge4 and Ge9, one ethyl group bound to
Gel and the phosphine ligand bound to the nickel atom. This
described structure of these clusters corresponds to the related
literature known compounds Hyps;Et[Ge,MIPPh; (M=Ni, Pd,
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Pt)®'7 and the attachment of different phosphine ligands does
not influence the structure of the cluster. The Ge-Ge bond
lengths within the cluster cores in 3 and 4 lie in the range of
2.4601(5)-2.8172(5) A and 2.4886(6)-2.8186(7) A, with Ge1-Ge2
being the shortest and Ge1-Ge3 being the longest distance. The
bond lengths in species 3 and 4 are in good accordance with
the literature known analogues MPPh, (M=Ni, Pd, Pt) with
distances in the range of 2.4682(6)-2.8020(6) A for Ni,
2.4548(7)-2.8283(7) A for Pd, and 2.4756(8)-2.8885(9) A for
Pt.5*2 Furthermore, the Ni—P bond length in 4 of 2.159(1) A is
a bit shorter than the one reported for NiPPh, with 2.180(1) A,
which is due to the sterically less demanding phosphine ligand
in 457 Species 3, including the phosphine with the largest
ligand cone angle, possesses the longest Ni—P distance with
2.200(1) A. In addition to the elongation of the Ni—P bond
through increasing the steric demand on the nickel atom, the
ethyl ligand bound to Gel shows a different orientation with
respect to the phosphine ligand facing away from it. This has
also been observed in known Hyp;Et[Ge,NilPPh;.%% Since all Ge-
Ni-P bonding angles lie in the same range of 111.88(3)-
134.95(4)° for 3, 108.69(4)-134.58(4)° for 4 and 112.29(3)-
132.38(4)° for NiPPh; no influence of the steric demand of the
ligand is present.*? Additionally, XPS measurements on 1-4
have been performed (Table S6 and Figures S38 and S39,
Supporting Information). The resulting spectra are quite similar
for all four compounds, and the regions of the binding energies

QSi
(&/
() f) cey
) Q
P Si P

€ Si

Figure 2. Three orientations of the molecular structures a)-c) Hyp;Et[GegNilP'Pr; (3) and d)-f) Hyp;Et[GesNilPMe; (4).59 All displacement ellipsoids are shown at
a probability level of 50%. The [GeyNi] cluster cores are depicted as green polyhedra. Ge, Si, Ni, P and C atoms are depicted in green, blue, red, orange, and
grey colours, respectively. Methyl groups at the hypersilyl substituents and all hydrogen atoms are omitted for clarity. In figures c and f, only the silicon atoms

directly bound to the cluster core are shown for simplicity.
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can be related to Ge”" species, Ni° and Si"" species. This

underlines the comparison between our clusters and single site
catalysts, whereby our metal atom has the oxidation state zero
and is non-oxidised like in classical SSHCs.

Catalytic activity

The catalytic activity of compounds 1-4 was tested by means of
olefin isomerisation reactions, which have also been reported
for different Ni-complexes such as NiX,(PPhs), (X=Cl, Br, 1),9 B-
diketiminato-nickel(ll)bromide,”  (*"PSiP)Ni(CgH,5) (*""PSiP =Si-
(Me)(2-PPh,-C¢H,),),*" and nP-allyl-nickel(ll) complexes.*? Also,
for the above-mentioned Ir-siliconoid species the possibility of
such reactions with participating clusters was proven.?¥ Adding
1-hexene to a solution of Hyp;Et[GegNilPPh; in C¢Dg, results in
the isomerisation to 2-E- and 2-Z-hexene, which were identified
by GC/MS and 'H NMR spectroscopy (Scheme 2a, Table 1,
entries 1-3). Figure 3a shows the course of isomerisation in the
presence of 5 (blue squares) and 2 mol% of 1 at 70°C (green
triangles), respectively, and 5mol% of 1 at 55°C (orange
triangles) monitored by 'H NMR spectroscopy. 2-Z-hexene is the
primary product of the isomerisation, whereas the amount of 2-
E-hexene increases with time reaching an equilibrium at a ratio
of 2-E-hexene:2-Z-hexene =70:30 (5 mol%) and 60:40 (2 mol%)
(Figure S40, Supporting Information). This indicates that 2-Z-
hexene is converted to 2-E-hexene during the reaction, which

2 Catalyst (1-4)
_~ __55°CIT0°C
R NF —»( Cade) R/\/
E (A)

Z(B)

was independently shown by using 2-Z-hexene as the starting
material, which gave the same final product ratio of 70:30
(Figure S43, Supporting Information). During the isomerisation
reaction, free PPh; was formed, which was detected by *'P NMR
spectroscopy (Figure S42, Supporting Information). In addition,
the isomerisation rate was lower in the presence of 15 mol%
PPh; based on the amount of 1-hexene compared to the
reaction mixture without further addition of a phosphine
(Figure 3a) which hints for Hyp;Et[GeyNi] with dissociated
phosphine ligand is the catalytically active species. Compounds
2, 3 and 4 were tested as catalysts (5 mol% at 70°C; Table 1
entries 4-6). The catalytic activity of 2 was similar to 1,
compound 3 was significantly less active, and 4 showed very
low activity in the isomerisation reaction of 1-hexene (Fig-
ure 3b). Nevertheless, in all cases, 2-E- and 2-Z-hexene are
exclusively formed as isomerisation products with higher
amounts of the E-isomer reaching an equilibrium in the range
of E:Z=60:40 to 70:30, according to the NMR and GC/MS
results (Figures S44-S49, Supporting Information). Whereas the
uncoordinated phosphine ligand was detected during the
reaction with compounds 2 and 3, with 4, no free PMe; was
found. These observations underline the necessity to cleave off
the phosphine ligand from the nickel atom so that a free
binding site is generated, making catalysis possible.
Furthermore, it was shown that 1 analogously isomerises
allylcyclohexane and allylbenzene under the conditions applied
for 1-hexene (5 mol% 1 at 70°C, Figure 3a, Table 1 entries 7 and

(5 mol%)
70°C
(CeDe) *

1,4 (A)

1,3 (B)

Scheme 2. Products of the isomerisation reaction of a) 1-hexene, allylcyclohexane and allylbenzene in the presence of 1-4 and b) COD with 1 in C¢Ds.

(R=C;3H,, cyclohexyl, phenyl).

Table 1. Isomerisation of different olefins (0.229 mmol) in the presence of 1-4 in 0.5 mL benzene-ds and performed blank tests for the isomerisation of 1-
hexene.

Entry Olefin Compound T [°C)/t [h] Conversion [%] (A/B)2/(A/B)™
1 1-hexene 1 (5 mol%) 70/55.5 95 (70/30)/(76/24)
2 1-hexene 1 (5 mol%) 55/95 95 (70/30)/(75/25)
3 1-hexene 1 (2 mol%) 70/197 89 (60/40)/(58/42)
4 1-hexene 2 (5 mol%) 70/44 92 (61/39)/(60/40)
5 1-hexene 3 (5 mol%) 70/487 84 (67/33)/(70/30)
6 1-hexene 4 (5 mol%) 70/265 11 (53/47)/(53/47)
7 allylcyclohexane 1 (5 mol%) 70/449 66 -/(45/55)

8 allylbenzene 1 (5 mol%) 70/189 93 (90/10)/(91/9)
9 CcOD 1 (5 mol%) 70/142 70 (31/69)/(30/70)
10 1-hexene [HypsEtGeg] (5 mol%) 70/208 0 -/-

1 1-hexene Ni(COD), + PPh; (5 mol%) 70/80 2 (46/53)/-

12 1-hexene Ni(PPhs), (5 mol%) 70/74 4 (40/60)/-

13 1-hexene PPh; (5 mol%) 70/74 0 -/-

[a] According to 'H NMR. [b] According to GC/MS.
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Figure 3. Kinetic measurements of a) the isomerisation of 1-hexene in the presence of 1 under various conditions (5 mol% 1 at 70 °C (blue squares), 5 mol% 1
at 55°C (orange triangles), 2 mol% 1 at 70°C (green triangles) and 5 mol% 1 at 70°C in the presence of 15 mol% PPh, (red dots)); b) the isomerisation of 1-
hexene with 1 (blue squares), 2 (orange triangles), 3 (green triangles) and 4 (red dots) at 70 °C with 5 mol% cluster; c) the isomerisation of 1-hexene (blue
squares), allylbenzene (orange triangles), COD (red dots) and allylcyclohexane (green triangles) with 1 at 70°C with 5 mol% cluster; d) the dissociation of the
phosphine ligand of 1 over time at 70°C (red dots with 70 equiv. of COD, blue squares with 70 equiv. of 1-hexene and black hexagons without the addition of
olefin). All experiments were performed in C;Ds. *According to NMR standard procedure in an NMR tube and measured using "H NMR or *'P NMR.

8, Figures S50-553, Supporting Information). The isomerisation
rate decreases thereby in the order: 1-hexene > allylbenzene >
allylcyclohexane probably due to the increased steric demand
of the residues. However, it is noticeable that the E-isomer is
more favoured for allylbenzene. For COD both possible
isomerisation products, cycloocta-1,4-diene and cycloocta-1,3-
diene (Figure 3b, Table 1 entry 9), were detected using NMR
and GC/MS analysis (Figures S54 and S55, Supporting Informa-
tion). All applied reactions underline the catalytic potential of
Ni-metalated Zint/ clusters since we can affirm that no traces of
Ni-precursors, pure Ni metal or the cluster precursor [Hyp;EtGe,]
are responsible for the catalysis. Even the pure phosphine
ligands or mixtures of phosphine and Ni(COD), are catalytically
inactive (Table 1 entries 10-13). As mentioned above, isomer-
isation reactions have also been reported for the Ni-complexes
B-diketiminato-nickel(ll)bromide,“” (*"PSiP)Ni(CgH;5),*" and n’-
allyl-nickel(ll) complexes™? as well as for the Ir-siliconoid.®¥ In
order to obtain a catalytic species in the case of p-diketiminato-
nickel(Ilbromide and (*"PSiP)Ni(CgH,5), nickel-hydride species
are  generated through  methylation with  methyl-
aluminiumoxane (MAO)“” and through p-hydride elimination of
the coordinated CgH,;“" respectively. Also, for the n’-allyl-

ChemCatChem 2024, 16, €202301200 (5 of 10)

nickel(ll) complexes, special activation by adding B(C4F); is
required.”” In contrast, clusters 1-4 also reach conversions up
to 95% (for 1) solely by ligand cleavage without any special
activation processes. Hereby the phosphine ligand can be
replaced by toluene or benzene in solution, which can be
further substituted by the substrate. Since the solvent and the
substrates are present in excess, the equilibrium of these
processes is shifted towards the phosphine free species (Fig-
ure 4). The Ir-siliconoid, on the other hand, does not require any
activation step or ligand cleavage since the COD ligand can tilt
away for the generation of a vacant binding side. With this Ir-
species, even at r.t., conversions up to 97 % in the isomerisation
of 1-hexene are possible at very low catalyst loadings of 0.05-
0.1 mol% at r.t., while for bulkier substrates higher temperatures
of 60°C are necessary.”” Considering all these aspects, the
[GegNi] cluster, which uses a more abundant and cheaper metal
for catalysis, can definitely compete with such systems.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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éé-&"ééGe (L the dissociation process. During attempts to replace PPh; in 1
\G\P// + 1-hexene +PRs by PPPr; we observed PPh; cleavage at elevated temperatures
ﬁi/ep Hyp and formation of Hyps;Et[Ge,NilP'Pr; in however very small
14 amounts as indicated by a *'P-NMR signal at 84.38 ppm
R = Ph, Ptolyl, /Pr, Me (Figure S56, Supporting Information). Cooling the mixture for
' T several hours to —32°C preferably leads again to the formation
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DFT calculations have been performed in order to gain
Hyp HVP additional insight into the thermal behaviour and the catalytic

Figure 4. Exchange reactions between the phosphine ligands and the
solvent (toluene or benzene) or/and the substrate 1-hexene. All processes
are equilibrium reactions.

Formation of an active Ni site

Since we observed free phosphine during the isomerisation
reactions, we studied the ligand cleavage in the absence of an
olefin. An earlier report on Hyp;Et[GegNilPPh; showed that
phosphine cleavage was observed upon heating, although the
amounts of free PPh; were very small.®? We verified by variable
temperature *'P NMR spectroscopy of 1 between 0°C and 90°C
(Figure S7, Supporting Information) that actually ligand cleav-
age occurs at higher temperatures. At 70°C, free ligand
dissociation appeared after six hours in amounts that were
detectable by *'P NMR measurements, and the percentage of
cleaved PPh; grew within 47 hours up to 77 % (Figure 3d, black
hexagons). Since ligand cleavage seemed to occur faster in the
isomerisation reactions, we added an excess of 1-hexene or
COD to a solution of 1 in CDs and monitored again the
phosphine cleavage over time. As shown by blue squares and
red dots in Figure 3d, respectively, the ligand cleavage occurs
immediately at 70°C and proceeds faster. In the presence of 1-
hexene, 33% and 88% of free PPh; are detected after 90
minutes and 46 hours, respectively. COD is even more effective,
with 18% after one hour and 94% after 47.5 hours. This
indicates, that the replacement of the phosphine ligand by
olefins is favoured towards substitution by the aromatic solvent
(Figure 4). Since catalysis with PPtolyl; works almost as well as
with PPh;, it can be assumed that the cleavability of the
phosphine ligand in solution without olefin is similar to PPh,. In
contrast, Hyp;Et[GegNi]P'Pr; (3) shows less catalytic activity, with
less detectable dissociation under equivalent conditions. In the
variable temperature 'H and *'P NMR spectra in the range from
—90°C to 90°C (Figures S23 and S26, Supporting Information),
the only visible signals arise from PPr, that binds to the nickel
atom. Signals of free PPPr; that had been observed during the
catalytic isomerisation reaction were not observed also at
higher temperatures. Also, for Hyp;Et[Ge,NilPMe; (4), which
shows the least catalytic activity, no free phosphine during the
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activity of the Hyp;Et[Ge,NilPR, (R=Ph, “tolyl, ‘Pr, Me) clusters in
solution. The standard Gibbs free energy, AG,°, for phosphine
dissociation from the nickel atom, i.e. HypsEt[n>-GegNilPR;—
Hyp;Etn>-GeyNi] + PR; (Figure 4 and Figure 6), was calculated
to 362 (R=Me), 359 (R=Ph) and 24.6 kcal-mol~'(R="Pr),
respectively. These rather high values preclude a simple
phosphine dissociation in solution. Thus, in order to explain the
observed behaviour at elevated temperatures in a toluene or
benzene solution, displacement of the phosphine ligand by the
solvent was considered. And, indeed, the standard Gibbs free
energies for such a reaction were found to be lower (Hyp;Et[n’-
GeGNilPR; +  CoHsCH;—HypsEtin®-GegNiln-CeHsCH;) + PR,
AG,°=24.4 (R=Me), 24.1 (R=Ph) and 11.7 kcal-mol™" (R="Pr),
Figure 4 and Figure 6). Considering the elevated temperatures
and the large excess of toluene or benzene in the reaction
mixture, formation of Hyp,Etln>-Ge,Niln*-C¢HsCH,) in an equili-
brium might be plausible. Surprisingly, the values of AG,° and
AG,° are lowest for R="Pr, indicating that this ligand is bound
the weakest among the investigated phosphines. Since no
ligand displacement was observed for R=Pr but for the
thermodynamically more strongly bound PPh;, kinetic reasons
must be considered. A tentative mechanism might involve the
initial coordination of toluene/benzene to the nickel center of
the phosphine complexes followed by dissociation of the
phosphine. Looking at a space-filling model of the phosphine
complexes (Figure 5), it is obvious that the nickel center is most
shielded in Hyp;Et[n®>-GegNilP'Pr,, indicating that this complex is
meta-stable/inert toward ligand displacement.

In the catalytic isomerisation of olefins, a similar mechanism
might be operative as indicated by calculations using 1-hexene
as a model substrate. Here, the standard Gibbs free energies for
the displacement of a phosphine ligand by 1-hexene (Hyp;Et-
M°-GegNilPR; + CgHy,—Hyp;Etin’-GegNiln®>-CeH,,) + PR;, G=
15.9 (R=Me), 15.6 (R=Ph) and 10.6 kcal-mol™" (R="Pr), Figure 4
and Figure 6), are even lower compared to displacement of a
phosphine ligand by toluene (vide supra). Thus, at elevated
temperatures and at high excess of the substrate, facile
displacement might occur. These rather low Gibbs free reaction
energies might be explained by the conformation of alkyl/silyl
substituents at the Ge, cluster, which offer a suitable binding
pocket for 1-hexene.
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Figure 5. Space filling models of a) Hyp;Et[Ge,NilPMe;, b) Hyp;Et-
[GegNilPPh,,*? ¢) Hyp;Et[Ge,NilPPr; d) Hyp;Et[Ge,Nil, e) Hyp;Et[Ge,NilCH,CH-
(CH,);CH; and f) Hyp;Et[Ge,Ni]CH5(CH),(CH,),CH,. Ge, Si, Ni, P, C and H atoms
are depicted in green, blue, red, orange, grey and white colour, respectively.
For better visualisation, the carbon atoms of the hexene molecules are
depicted in purple.
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Figure 6. Calculated AG values for the isomerisation of 1-hexene to 2-hexene
with 1.

Subsequently, isomerisation of 1-hexene to 2-Z-hexene at
the nickel centre occurs in an almost thermoneutral reaction
(AG;°=—2.1 kcal-mol™). Finally, 2-hexene is replaced by 1-
hexene closing the catalytic cycle (AG,°=2.1 kcal-mol™). The
observed higher catalytic activity of PPh; compared to PPr,,
despite the latter being bound weaker, could again hint at a
two-step displacement mechanism for the reaction, where first
the coordination of the substrate at nickel is necessary to
facilitate phosphine displacement. Calculations of the binding
energies show, that PPh; and PMe; are almost bounded with
equal strength, followed by PPr,;, which has the weakest bond
to nickel (Table S24, Supporting Information). To explain the
catalytic activities, however, also steric effects and Ni—P bond
lengths are considered. The steric shielding offered by the PPr,
ligand might prevent the substrate from reaching the nickel
atom even the P'Pr; derivative has the longest Ni-P bond of
2.200(1) A, explaining the lower catalytic activity of Hyp,Et[n’-
GegNilPPr;. Even though, PMe; and PPh; possess almost the
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same binding energies, they differ in their catalytic activity. This
can be explained by the shorter Ni-P bond length in Hyp,Et[n®*
Ge,NilPMe; of 2.159(1) A compared to 2.180(1) A for the PPh,
derivative,®? that more effectively shields the Ni atom, prevent-
ing attachment of the substrate molecule which is necessary for
the associative mechanism. For PPh; the situation seems to be
optimal concerning its steric demand and bond length.

Conclusions

XPS measurements reveal that in Hyp;Et[GegNilPPh, a single Ni°
atom is embedded in a Ge environment with mainly Ge° atoms.
Due to the newly developed straightforward synthetic route,
the phosphine ligands at the nickel atom could be varied and
Hyp;Et[GeoNilPR; (R=Ph, 1; Ptolyl, 2; iPr, 3 and Me, 4) were
obtained in good quantities. The catalytic ability of 1-4 in the
isomerisation of 1-hexene decreases in the order PPh;~
PPtolyl; > PPry>PMe;. It is shown that phosphine ligand
dissociation is crucial for the catalytic activity and even the
isomerisation of sterically more demanding olefins with 1 as
catalyst were successful. Since in all isomerisation reactions, the
cleavage of the ligand was detected, Hyp;Et[GeyNi] with a free
coordination site at the Ni atom must be considered as the
active species. DFT calculations show that the free metal atom
site is stabilized by the intermediate coordination of solvent
molecules.

Thus, for the first time it is shown that a single metal atom
with oxidation state 0 and with a free binding site is stabilized
at the surface of a small, soluble germanium atom cluster.
Single metal atom sites have been produced in so-called single
site catalysts in heterogeneous catalysis and this is now
introduced for soluble, homogeneous catalysts. In contrast to
single site heterogeneous catalysts, in which single site metal
atoms may agglomerate and for which atom leakage cannot be
excluded, the metal atom in the here reported homogeneous
single site catalysts binds strongly to the Ge cluster atoms and
remains attached even when protecting ligands are removed.
This leads to outstanding catalytic properties. Here we have
shown, that the less noble Ni° atom remains stable and shows
catalytic properties while the Ge cluster itself is not directly
involved in the catalytic reaction and can be regarded as
innocent.

Experimental Section

General

All manipulations were performed under a purified argon atmos-
phere using standard Schlenk and glovebox techniques. The
solvents acetonitrile, toluene and hexane were dried over molecular
sieves using the solvent purification system MB-SPS. All deuterated
solvents were purchased from Sigma-Aldrich and stored over
molecular sieves (3 A). The Zintl Phase with nominal composition
K,Ge, was synthesised by heating a stoichiometric mixture of the
elements K (Merck 99.8%) and Ge (Chempur, 99.999 %) at 650 °C for
46h in a stainless steel autoclave."”? Hypersilylchloride (Sigma-
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Aldrich, 97 %), ethylbromide (Sigma-Aldrich, >99%), triphenylphos-
phine (Merck, > 98 %), triisopropylphosphine (Acros Organics, 98 %),
triparatolylphosphine  (Sigma-Aldrich, 98%), trimethylphosphine
(Sigma-Aldrich, 1.0 m in toluene), bis(cyclooctadiene)nickel(0) (Sig-
ma-Aldrich), 1-hexene (Sigma-Aldrich, >99%), 2-Z-hexene (Sigma-
Aldrich, 95%), allylbenzene (Sigma-Aldrich, 98 %), allylcyclohexane
(Sigma-Aldrich, 96 %) and cycloocata-1,5-diene(Sigma-Aldrich, 99 %)
were used as received.

NMR spectroscopy

All NMR spectra were recorded on a Bruker Avance Ultrashield
400 MHz or a Bruker Avance Ultrashield 500 MHz Cryo system
spectrometer. The signals of 'H and °C spectra were referenced to
the signals of the used deuterated solvents C,Dy (7.16 ppm;
128.06 ppm) and toluene-d; (2.08 ppm, 6.97 ppm, 7.01 ppm,
7.09 ppm; 137.48 ppm, 128.87 ppm, 127.96 ppm, 125.13 ppm,
20.43 ppm).“*® Chemical shifts are given in d values in parts per
million (ppm). The coupling constants J are stated in Hz. Signal
multiplicities are abbreviated as follows: s — singlet, dd - doublet of
doublet, t - triplet, q — quartet, h - septet, m — multiplet, and br -
broad signal. Variable temperature NMR studies were performed on
a Bruker Avance Ultrashield 400 MHz for 'H and *'P{'H}. The spectra
were evaluated with the program MestReNova."*!

Elemental analysis

Elemental analysis was performed by the microanalytical laboratory
at the Catalytic Research Centre of the Technical University of
Munich. The elements C and H were determined by a combustion
analyser (elementar vario EL, Bruker Corp.). Nickel was determined
by atomic absorption spectroscopy.

Single crystal structure determination

For single crystal data collection, a few crystals were transferred
from the mother liquor into perfluoropolyalkylether under a cold N,
gas stream. A single crystal was fixed on a glass fibre and
positioned in a 150K cold N, gas stream. Single crystal data
collection was performed with a STOE StadiVari (Mo Ko radiation)
diffractometer equipped with a DECTRIS Pilatus 300 K detector by
using the X-Area software package.” The crystal structures were
solved by Direct Methods using SHELX software.**”! The positions
of the hydrogen atoms were calculated and refined using a riding
model. Unless otherwise stated, all non-hydrogen atoms were
treated with anisotropic displacement parameters. For compound 3
the atoms of the P'Pr; as well as one of the Hyp groups had to be
refined at two split positions leading to site occupations of 85:15
and 93:7, respectively, and some of the minor occupied C atoms
were refined isotropically. Both the compounds 3 and 4 crystallize
with one molecule hexane per formula unit, which are disordered
and, thus, their electron density was treated with the Platon
Squeeze option."® For visualisation, the crystal structures have
been plotted with Diamond."*"

DFT calculations

All calculations were carried out with the ORCA program
package.”**" Unless stated otherwise, all calculations were carried
out on isolated molecules (in the gas phase). Density fitting
techniques, also called resolution-of-identity approximation (RI),*?
were used for meta-GGA calculations. Atom-pairwise dispersion
corrections (D3BJ or D4)**** were used for all DFT calculations. All
geometries, thermal and entropic corrections were obtained at the
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BP86-D3BJ/def2-SVP*® level of theory. Subsequently, electronic
energies were obtained using TPSS—D4/def2-TZVPP.F*>"

GC/MS

GC/MS analysis was performed on an Agilent Technologies GC7890B
with HP-5MS Ul column (length 30 m, internal diameter 0.25 mm,
film 0.25 mM) equipped with an MS 5977 A with a single quadru-
pole mass detector. Standard method used for separation of
compounds 35°C [1 min], 15°C/min—270°C, 270°C [5 min]. All
substrates were clearly assigned by their mass or by comparison
with authentic samples.

LIFDI/MS

Liquid Injection Field Desorption lonization Mass Spectrometry
(LIFDI/MS) was measured directly from an inert atmosphere glove-
box with a Thermo Fisher Scientific Exactive Plus Orbitrap equipped
with an ion source from Linden CMS."®

X-Ray photoelectron spectroscopy

To investigate the near-surface chemical state X-ray photoelectron
spectroscopy (XPS) was performed using an Axis Supra System
(Kratos, UK). Therefore, the powders were pressed onto a stainless-
steel stub inside an argon-filled glovebox and transported into the
XPS without exposure to air. Throughout the entire measurement,
the pressure was kept below ~1078 Torr. All samples were irradiated
using monochromatic Al Ka radiation (1486.6 eV) and an emission
current of 15 mA. The survey scans were recorded from 1200 to
—5 eV binding energy, using a step size of 0.5 eV and two sweeps.
The Ni2p, Ni3p, Ge2p, Ge3p and Si2p regions were measured
between 890-845 eV, 80-55eV, 1230-1205eV, 135-110eV and
110-92 eV binding energy, using steps sizes of 0.1 eV and five
sweeps. The samples were analysed without sputter cleaning, and
the binding energies were corrected to the adventitious carbon
peak at 284.8 eV. Data treatment was carried out using the program
CasaXPS with application of a Shirley background.®”

Synthesis of [Hyp;EtGe,]

The compound [Hyp;EtGe,] was synthesised according to literature
procedure.™ K,Ge, (4.00g, 49 mmol) and hypersilylchloride
(4.19 g, 148 mmol) were weighed out into a Schlenk tube, and
25 mL acetonitrile were added. The resulting brown suspension is
stirred for 6 h at r.t. and filtered over a glass fibre filter. Bromo-
ethane (1.82 mL, 24.5 mmol) dissolved in 5 mL acetonitrile is added
to the reaction mixture. The solution is stirred over night at r.t.
while a brown precipitate is formed. The precipitate is separated
from the solution by Whatman filtration, washed with 3x5 mL
acetonitrile and dried in vacuo. Subsequently, it is redissolved in
toluene and filtered again to remove any remaining solid. The
resulting reddish solution is evaporated, and the product is
characterised by NMR spectroscopy (Supporting Information Fig-
ure S1).

'H NMR (400 MHz, C,D, 298 K): 0.41 (s, 81H, TMS), 1.47 (t, *J=
7.7 Hz, 3H, CH,CH,), 1.81 (q, 2J=7.7 Hz, 2H, CH,CH,).

Synthesis of Hyp;Et[Ge,Ni]PPh; (1)

Ni(COD), (193 mg, 0.7 mmol) and triphenylphosphine (182 mg,
0.7 mmol) were weighed into a Schlenk tube, and 7 mL toluene
were added. The resulting dark red solution was stirred at r.t. for
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one hour. This solution was added to a solution of [Hyp;EtGe,]
(500 mg, 0.35 mmol) in 7 mL toluene. The brown reaction mixture
was stirred at r.t. for 72 h. After filtration, the solvent was removed
in vacuo, and the residue was washed with acetonitrile (3x5 mL).
After drying in high vacuum, 406 mg of 1 (67 %) were obtained as a
brown solid. For crystallisation, a hexane solution of 1 was stored at
—40°C. Brown block-shaped crystals suitable for single crystal X-ray
diffraction were obtained after 3 months. The crystal structure
determination confirmed the result which was previously obtained
by an alternative synthesis route.*?

'H NMR (400 MHz, C,D,, 298 K): 0.30 (s, 54H, TMS), 0.64 (s, 27H,
TMS), 2.28 (br, 3H, CH,CH;), 2.89 (br, 2H, CH,CH;), 6.96-7.05 (m, 3H,
p-CHY),7.07-7.13 (m, 6H, m-CH™), 7.75-7.80 (m, 6H, o-CH™). *C{'H}
NMR (100 MHz, C,D¢, 298 K) 3.06 (TMS), 3.29 (TMS), 16.42 (CH,CH,),
37.86 (CH,CH,), 129.46 (m/p-CH™), 134.33 (o-CH™). *'P{"H} NMR
(162 MHz, C;Dg, 298 K): 51.19 (PPh;@Ni). LIFDI/MS: m/z=1746.65
[Hyp;EtGe,NiPPh,] ¥, 1484.36 [Hyp;EtGegNil*. Elemental analysis
calc.: € 32.32, H 5.83, Ni 3.36; found: C 32.40, H 5.91, Ni 3.38.

Synthesis of Hyp;Et[Ge,Ni]P’tolyl; (2)

Ni(COD), (96.5mg, 0.35mmol) and triparatolylphosphine
(106.7 mg, 0.35 mmol) were weighed into a Schlenk tube, and 5 mL
toluene were added. The resulting dark red solution was stirred at
rt. for one hour. This solution was added to a solution of
[Hyp;EtGe,] (250 mg, 0.17 mmol) in 5mL toluene. The brown
reaction mixture was stirred at r.t. for 72 h. After filtration, the
solvent was removed in vacuo, and the residue was washed with
acetonitrile (3x5 mL). After drying in high vacuum, 233 mg of 2
(77 %) were obtained as a brown solid.

'H NMR (400 MHz, C¢D,, 298 K): 0.33 (s, 54H, TMS), 0.64 (s, 27H,
TMS), 2.03 (s, 9H, *'CH,), 2.31 (br, 3H, CH,CH,), 2.93 (br, 2H, CH,CH,),
6.99-7.01 (m, 6H, m-CH"), 7.74-7.79 (m, 6H, o-CH"). *C{'H} NMR
(100 MHz, C,Dg, 298 K) 3.06 (TMS), 3.31 (TMS), 16.56 (CH,CH,), 21.14
(MCH,), 129.02 (m-CH"), 134.16 (0-CH™), 134.44 (m-CH™). *'P{'H}
NMR (162 MHz, C,Ds, 298 K): 48.81 (PPtolyl;@Ni). LIFDI/MS: m/z=
1788.73  [Hyp;EtGegNiPPtolyl;]*,  1759.67  [Hyp;GegNiPPtolyls]™,
1541.07 [Hyp,EtGeNiPPtolyl;]*, 1484.36 [Hyp,EtGegNil*, 1455.30
[Hyp;GeoNil ™, 1425.67 [Hyp;EtGeo] .

Synthesis of Hyp;Et[GeyNi]P'Pr; (3)

Ni(COD), (96.5 mg, 0.35 mmol) and triisopropylphosphine (66.8 mL,
0.35 mmol) were weighed into a Schlenk tube, and 5 mL toluene
were added. The resulting orange solution was stirred at r.t. for one
hour. This solution was added to a solution of [Hyp;EtGe,] (250 mg,
0.17 mmol) in 5 mL toluene. The brown reaction mixture was stirred
at r.t. for 72 h. After filtration, the solvent was removed in vacuo,
and the residue was washed with acetonitrile (3x5 mL). After
drying in high vacuum, 202 mg of 3 (72%) were obtained as a
brown solid. For crystallisation, a hexane solution of 3 was stored at
—40°C. Brown block-shaped crystals suitable for single crystal X-ray
diffraction were obtained after 3 months.

'H NMR (400 MHz, toluene-dg, 298 K): 0.32 (s, 54H, TMS), 0.65 (s,
27H, TMS), 1.11 (dd, 3J=7.1 Hz, 18H, CH(CH,),), 1.76 (h, J=7.1 Hz,
3H, CH(CH,),), 2.07 (t, >J=7.9 Hz, 3H, CH,CH,), 2.72 (q, *J=7.9 Hz,
2H, CH,CH,). C{'H} NMR (100 MHz, toluene-dy, 298 K) 3.38 (TMS),
3.84 (TMS), 16.97 (CH,CH5), 22.06 (CH(CH,),), 26.46 (CH(CH,),), 37.84
(CH,CH,). *'P{'"H} NMR (162 MHz, toluene-d,, 298 K): 84.38 (PPr;@Ni).
2Si{"H} NMR (100 MHz, toluene-d,, 298 K): —98.12 (Si(TMS),), —87.84
(Si(TMS);), -9.68 (SiMe;), —8.72 (SiMe;). LIFDI/MS: m/z=1644.60
[Hyp,EtGe,NiPPrs] ™, 1615.54 [Hyp;GegNiP'Prs] ™, 1484.36
[Hyp;EtGegNil*, 145530 [Hyp,Ge,Nil*, 142567 [Hyp;EtGe,l",
1396.95 [Hyp,EtGe,NiPPr;]*, 1236.71 [Hyp,EtGe,Nil*, 1178.02
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Table 2. Performed isomerisation reactions.’With the addition of 15 mol%
PPh,.

Olefin Catalyst (mol %) T [°CI/t [h]
1-hexene 1(5) 70/55.5
1-hexene 1(5) 55/95
1-hexene 102 70/197
2-Z-hexene 1(5) 70/221
1-hexene? 1(5) 70/672
1-hexene 2(5) 70/44
1-hexene 3(5) 70/487
1-hexene 4 (5) 70/265
allylcyclohexane 1(5) 70/449
allylbenzene 1(5) 70/189
cycloocta-1,5-diene (COD) 1(5) 70/168

[Hyp,EtGe,]*. Elemental analysis calc: C 27.75, H 6.56, Ni 3.57;
found: C 26.64, H 6.25, Ni 3.54.

Synthesis of Hyp,Et[Ge,Ni]lPMe; (4)

Ni(COD), (96.5 mg, 0.35 mmol) and trimethylphosphine (358.8 mL,
3.48 mmol) were weighed into a Schlenk tube, and 5 mL toluene
were added. The resulting dark orange solution was stirred at r.t.
for one hour. This solution was added to a solution of [Hyp;EtGe,]
(250 mg, 0.17 mmol) in 5 mL toluene. The brown reaction mixture
was stirred at r.t. for 72 h. After filtration, the solvent was removed
in vacuo, and the residue was washed with acetonitrile (3x5 mL).
After drying in high vacuum,192 mg of 4 (72%) were obtained as a
brown solid. For crystallisation, a hexane solution of 4 was stored at
—40°C. Brown block-shaped crystals were obtained after 3 months.

'H NMR (400 MHz, C,D,, 298 K): 0.35 (s, 54H, TMS), 0.68 (s, 27H,
TMS), 1.34 (d, 9H, CH;), 1.92 (br, 3H, CH,CH,), 2.73 (br, 2H, CH,CH;).
BC{'"H} NMR (100 MHz, C,Dg, 298 K) 3.07 (TMS), 3.18 (TMS), 28.61
(CH,). *'P{'H} NMR (162 MHz, C4D,, 298 K): —12.81 (PMe;@Ni). LIFDI/
MS: m/z=1560.44 [Hyp,EtGe,NiPMe,]", 153037 [Hyp;GeoNiPMe,]*,
1484.36 [Hyp;EtGegNil™, 1455.30 [Hyp,GegNil*. Elemental analysis
calc: € 24.63, H 6.14, Ni 3.76; found: C 25.75, H 5.79, Ni 3.34.

Isomerisation reactions—standard procedure

The respective catalyst (1-4) was placed in an NMR tube, the olefin
(0.229 mmol) as well as 0.5 mL C,D; were added immediately,
finally the components were mixed by shaking the NMR tube.
Subsequently, the reaction mixture was put into a preheated oil
bath, and the reaction was monitored using 'H and *'P NMR
spectroscopy. After completion of the reaction, a GC/MS measure-
ment was performed to confirm the products. The experiments
performed this way are listed in Table 2.

Phosphine exchange reaction

Compound 1 (15 mg, 0.009 mmol) was placed in an NMR tube, and
Triisopropylphosphine (2 mL, 0.009 mmol) as well as 0.5 mL C,Dg
were added. Then the reaction mixture was put into a preheated oil
bath, and the reaction was monitored using *'P NMR spectroscopy.
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Supporting Information

The Supporting Information contains further details on the
crystal structures of 3 and 4, as well as NMR, LIFDI/MS and XPS
spectra of compounds 1-4. Also NMR spectra and calculations
concerning the catalysis are provided.

The authors have cited additional references within the
Supporting Information.””
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